Introduction
Pastures occupy *50 Mha of land in the eastern USA, and therefore, are a significant land use affecting the livelihoods of 0.85 million farms 1 . A variety of pasture management systems are employed in the region and there is a pressing need to investigate the long-term effects of grazing management on system ecology, productivity and environmental outcomes Bermudagrass fits well the hot and variably wet and dry conditions in the summer. In general, bermudagrass is more productive than tall fescue, and therefore fills the primary growing season. However, there is still a need for forage production during the long cool-season when bermudagrass is dormant (November through April). Tall fescue is one of the few perennial, cool-season forages that can withstand the hot, drought-prone conditions in summer.
The fungal endophyte [Neotyphodium coenophialum (Morgan-Jones and Gams) Glenn, Bacon, and Hanlin] association with tall fescue is a key determinant of tall fescue stand persistence under high grazing pressure (HGP), as well as of animal performance and production. Cattle responses to different tall fescue cultivars and endophyte associations have been studied in a number of environments and grazing management conditions [3] [4] [5] [6] . Wild-endophyte-infected tall fescue persists better with grazing than endophyte-free associations 3, 7 persistent than endophyte-free associations [8] [9] [10] . Prior to the development of novel-endophyte associations, persistence of tall fescue in intensively grazed pastures was considered viable only with wild-endophyte association.
'Coastal' bermudagrass is a productive and benchmark hybrid that has been studied in a number of environments and grazing management conditions [11] [12] [13] [14] . Bermudagrass hybrids are more productive than common bermudagrass 11 and, therefore, are often recommended to be managed as monoculture forage stands to maximize productivity. In reality though, producers throughout the eastern USA often manage mixed stands of forages, either through intention via planting or default based on evolution of pastures through time from various grazing management strategies employed 15 . Mixed cool-and warm-season forages in the same pasture are expected to extend the grazing season on a particular pasture, confer greater resilience to environmental and management stresses, and could lead to greater sustainability of grassbased agriculture 16 . Investigations of cattle responses to grazing of mixed cool-and warm-season perennial pastures have been limited and, therefore, recommendations are often based on results evaluating the two systems separately. For example in Arkansas, milk yield of cows grazing common bermudagrass in the summer (June through October) was 63 ± 41% greater than that of cows grazing wildendophyte-infected tall fescue in the fall and spring (November through May) 17 . Seasonal rotation of grazing on separate bermudagrass and tall fescue pastures produced 38 ± 22% greater milk yield than grazing solely on tall fescue. Milk fat was greater from cows rotated between bermudagrass and tall fescue on a seasonal basis than on either pasture alone, but milk protein was not affected by any pasture grazing system 17 . Considering the extent of mixed forage stands of tall fescue and bermudagrass throughout the southeastern USA, there is a scientific void in the characterization of cattle responses to grazing in mixed forage stands. Therefore, our broad goal was to develop balanced, mixed forage stands of tall fescue and bermudagrass for greater year-round grazing. Understanding this complex agro-ecological system would help transfer technologically relevant information to small farmers, especially those with abundant poultry litter available as fertilizer. Yet, the dynamics of cattle responses to nutrient source and forage utilization regimes are largely unknown.
There is concern that high broiler litter application on wild-endophyte-infected tall fescue pastures will exacerbate fescue toxicosis, fescue foot and associated negative responses of animals consuming ergot-alkaloidcontaining forage 18, 19 . We wanted to test this hypothesis by conducting a multiple-year grazing experiment with low and high broiler-litter application rates against an inorganically fertilized control.
We also hypothesized that reducing grazing pressure would increase cattle performance due to greater forage availability, but would reduce cattle gain ha − 1 due to reduced stocking rate. Towards the end of 5 years of management of bermudagrass pastures, cattle gain ha − 1 appeared to have been compromised with HGP. We wanted to test whether this trend would continue with expansion of the grazing season following introduction of tall fescue to the forage base.
Our specific objective was to characterize cattle performance and productivity in response to nutrient source (inorganic only, organic + inorganic, and organic only) and forage utilization [low grazing pressure (LGP) and HGP] in a Coastal bermudagrass sod oversown with Georgia-5 wild-endophyte-infected tall fescue during the course of 7 years in the Piedmont of Georgia, USA.
Materials and Methods
A 15-ha upland field (33°22′N, 83°24′W) on a Typic Kanhapludult near Farmington, Georgia, previously in a 'Coastal' bermudagrass pasture experiment for 5 years 20 , was converted to mixed tall fescue-bermudagrass forage composition for this experiment beginning in autumn of 1998. Thirty-six experimental units were arranged in a randomized complete block design with 12 treatments in a split-plot arrangement in each of three blocks. Main plots were nutrient source and split-plots were forage utilization regime.
'Georgia-5' tall fescue with wild-type endophyte infection was drilled into 7-year-old stands of 'Coastal' bermudagrass (5 years differentially managed from 1994 to 1998 following 2 years of establishment in 1992) in November 1998 at a rate of *19 kg pure live seed ha
Prior to seeding in 1998, residual forage mass of bermudagrass in LGP paddocks (* 3.5 Mg ha − 1 ) was cut, baled and removed. Forage harvest was not deemed necessary, or practically possible, in paddocks that were maintained under HGP (* 1.6 Mg ha − 1 ), since light penetration through the canopy was considered adequate and little forage could be harvested. Drilling of tall fescue (* 22 kg pure live seed ha − 1 ) had to be repeated in October 1999 in all paddocks, and again in November 2000 in paddocks maintained under HGP due to extended drought conditions in 1999 and 2000 (Table 1) , which limited tall fescue stand establishment.
Nutrient source treatments were: (1) inorganic only; (2) organic + inorganic; and (3) organic only. Nutrient application was targeted to supply 270 kgN ha − 1 annually in three equally split applications as: (1) inorganic fertilizer with 18-9-18 N-P 2 O 5 -K 2 O broadcast in spring (February-April) and with 34-0-0 (NH 4 NO 3 ) broadcast in summer (May-July) and again in autumn (SeptemberNovember); (2) chicken broiler litter broadcast in spring and 34-0-0 broadcast in summer and again in autumn; and (3) broiler litter broadcast in spring, summer and autumn. Actual yearly N application rates during the 7 years of this experiment were 261 ± 38 kg N ha − 1 (inorganic only), 289 ± 36 kg N ha − 1 (organic + inorganic) and 307 ± 52 kg N ha − 1 (organic only), varying due to application with commercial-sized equipment and variable nutrient and moisture contents of broiler litter 10 . Forage utilization regimes were two target forage mass levels in grazed paddocks: (1) high forage mass at a target of 2 Mg ha − 1 (i.e., LGP) and (2) low-forage mass at a target of 1 Mg ha − 1 (i.e., HGP). This study also had two ungrazed forage utilization regimes in small exclosures, but they were not considered here [(a) unharvested forage, except for an occasional woody plant removal, as a Conservation Reserve Program (CRP) simulation and (b) continuous hay removal on a monthly basis]. Grazed paddocks were 0.69 ± 0.03 ha. Spatial design of paddocks minimized runoff contamination and facilitated handling of cattle through a central roadway. Each paddock contained a 3 × 4 m shade, mineral feeder and water trough placed in a line 15-m long at the highest elevation.
Yearling Angus steers were used as stock (available herd of 115 ± 24 steers each grazing season; initial age of . Cattle grazed paddocks nearly yearlong beginning in autumn until target forage mass levels could no longer be maintained, except in 1999 and 2000 when cattle were stocked beginning in spring to avoid grazing on young tall fescue stands. Stocking density was based on achieving the target forage mass of each treatment using a put-and-take grazing system 21 with three tester steers permanently assigned to each paddock within a grazing season and grazer steers added or removed at 28-day intervals. Tester steers were randomly selected from three groups of 18; one group closest to the middle, one group immediately heavier, and one group immediately lighter than the mean weight. All body weight determinations were after 16 h without water while on paddock. Grazer steers were assigned in a similar manner from the remaining pool of animals. Grazer steers not allocated to an experimental paddock grazed an adjacent pasture of similar forage composition.
Before stocking in autumn (or spring starting times in 1999 and 2000), all steers received the following anthelmintic treatment: pour-on eprinex (Ivomec, Merial Limited, Iselin, New Jersey, USA) and oral albendazole (Valbazen, Pfizer, New York, USA) according to label recommendation based on steer weight. Cattle remained in dry-lot with feed and water for 3 days before stocking. Anthelmintic treatment was repeated in spring (AprilMarch).
On initial stocking and restocking days, steers were released into the central roadway early in the morning and corralled together to be weighed. Steer body weight was recorded from a digital balance under a chute. Steers were returned to paddocks mostly within 2 h of corralling. Steer gain ha − 1 was calculated as the difference in initial and final body weight of tester steers with proportionality adjustments for total number of steers on a paddock during a grazing period. Steer average daily gain was calculated from the difference in initial and final body weight of tester steers divided by the number of grazing days. Stocking rate was calculated as the mean number of steers on a pasture within the entire season divided by the paddock size (0.65-0.75 ha). Steer stocking weight was calculated from the average body weight of all steers on a paddock (i.e., initial and final body weights).
Response variables were analyzed for variance within each season, year, seasonal means across years, and annual means across years using the general linear model procedure of SAS (SAS Institute Inc., Cary, North Carolina, USA). With the split-plot arrangement of treatments, replication × nutrient source was the error term for the nutrient source effect and replication × nutrient source × forage utilization regime was the error term for forage utilization and nutrient source × forage utilization effects. Grazing season effects were considered a further split-plot in time, evaluated with the experimentwise error term. All effects were considered significant at P ≤ 0.1. Although this was a lenient probability level, we did not want to overlook potentially important trends. Actual Pr > F values were also reported for many effects in tables. However, least significant differences were calculated at P = 0.05.
Results and Discussion

Environmental conditions
Mean climatic conditions in the Piedmont region of Georgia are relatively mild and supportive of both cool-season and warm-season forages. January is the coldest month (0.7°C minimum and 11.4°C maximum) and July is the warmest month (20.6°C minimum and 31.8°C maximum) ( Table 1) . Precipitation among months is normally relatively uniformly distributed, 104 ± 16 mm month 
Residual forage dry mass
Standing forage dry mass throughout the 7-year period varied within a year ( Fig. 1) , among years, and as intended, between grazing pressure treatments. Over the course of the entire 7-year period, there were no differences in standing forage dry mass among nutrient sources (data not shown). Within a total of 77 individual dates of forage dry mass determination, there were only six times when standing forage dry mass was not significantly different between grazing pressure treatments.
Standing forage dry mass varied within and among years due to the relatively long periods (28 days) between planned steer weighing dates, variations in precipitation that altered forage growth rate, and limited number of steers available for stocking. Despite these variations, forage dry mass remained relatively consistently different between grazing pressure treatments throughout (i.e., difference between means was 0.50 ± 0.26 Mg ha − 1 among the 77 dates). This was a managed difference, and therefore, was intentionally consistent.
Stocking density
Steer stocking density varied within a year, among years, and between grazing pressure treatments (Fig. 2 ). The effect of nutrient source on stocking density was rarely significant. Stocking density was lower with LGP than with HGP in 14 of 28 seasons, was similar between treatments in 11 seasons, and was greater with LGP than with HGP in three seasons. Across years, stocking density was lower with LGP than with HGP in the autumn when steers were youngest and exposed to pastures for the first time during the year (1.41 versus 1.74 Mg ha , respectively; P = 0.03). This apparent discrepancy of response relative to imposed treatment regime was a long-term consequence of managing pastures to a target forage mass level rather than on set stocking conditions. In summer, stocking returned to lower density with LGP than with HGP (1.69 versus 2.33 Mg ha − 1 , respectively; P < 0.001) due to rapid forage growth. A significant interaction between nutrient source and grazing pressure also occurred in summer, due to greater difference in stocking density between grazing pressure levels with organic fertilization than with inorganic only and organic + inorganic fertilization.
Over the entire 7-year period, stocking density was lower with LGP than with HGP, but the magnitude of difference varied with nutrient source (i.e., 1 Table 2 ). Steer stocking density varied among years, but this variation was not related to variation in precipitation Figure 2 . Seasonal changes in steer stocking weight density, stocking rate, average daily gain and gain ha − 1 as affected by grazing pressure treatment throughout the 7 years of experimentation at Farmington, Georgia. Values are means across nutrient source (n = 3) levels. *Indicates LGP lower than HGP (P < 0.05) and + indicates LGP greater than HGP (P < 0.05).
among years. The difference in stocking density between grazing pressure treatments was greatest in 1999 and 2005 and there was no difference in stocking density between grazing pressure treatments in 2001 and 2003. Stocking density was a pasture management tool used to manipulate forage to the desired targets we set as part of the treatment structure in this experiment. However, stocking density was also a pasture response reflecting inherent forage productivity dictated by nutrient source effects on nutrient availability and long-term canopy manipulation on pasture growth.
Stocking rate
Steer stocking rate differed from stocking density in this study, because stocking rate was calculated as the number of steers on a pasture during the entire season, not just when pastures were stocked. Stocking rate also varied widely within a year, among years, and between grazing pressure treatments (Fig. 2) . Like that of stocking density, the effect of nutrient source on stocking rate was rarely significant. Stocking rate was lower with LGP than with HGP in 15 of 28 seasons, was similar between treatments in only eight seasons, and was greater with LGP than with HGP in five seasons. Stocking rate was lowest in winter, highest in spring and summer, and intermediate in autumn-responses reflecting environmental conditions controlling pasture productivity. Like that of stocking density, stocking rate was greater with LGP than with HGP in the winter (0.8 versus 0.7 steers ha − 1 , respectively; P = 0.02) and in the spring (6.5 versus 6.0 steers ha − 1 , respectively; P = 0.03), but lower with LGP than with HGP in the summer (4.6 versus 6.6 steers ha − 1 , respectively; P < 0.001) and in the autumn (2.7 versus 3.3 steers ha − 1 , respectively; P < 0.001). Seasonal fluctuations in stocking rate were largely a function of available forage for grazing. Under LGP, the greatest stocking rate was in the spring, which was likely due to the large flush of tall fescue growth. Lower stocking rate in summer than in spring with LGP was also likely due to suppression of bermudagrass by tall fescue 22 . Under HGP, the greatest stocking rate was in the summer, which was likely due to greater production of bermudagrass when pastures were maintained with low forage dry mass 22 . Over the entire 7-year period, stocking rate was lower with LGP than with HGP (3.7 versus 4.2 steers ha − 1 ) ( Table 3) . Steer stocking rate varied among years, and unlike that of stocking density, stocking rate tended to increase with increasing yearly precipitation. This positive association with precipitation was likely related to greater forage production with increasing precipitation. LGP than with HGP, but this effect was mainly due to the differential response in organic + inorganic fertilization, whereas no difference occurred Source of variation df (Table 3) . Extension of the grazing season with the introduction of tall fescue into existing bermudagrass sod allowed more grazing days each year (140 days in Phase 1 and 237 ± 53 days in Phase 2). However, the additional grazing days were associated with lower cool-season production resulting in lowstocking rates in autumn and winter (* 2 steers ha 
Average daily gain
Performance of steers on pasture (i.e., average daily gain; kg d
) varied widely within a year, among years and between grazing pressure treatments (Fig. 2) . Nutrient source also significantly impacted steer performance in several instances. Average daily gain on a seasonal basis was more often similar between grazing pressure treatments (18 of 28 seasons) than different. When differences occurred, 9 of 10 seasons had greater daily gain with LGP than with HGP and only one season had lower daily gain with LGP than with HGP. Variation in average daily gain was particularly high among the 28 continuous seasons, with steer weight loss occurring in three seasons, although all of these observations coincided with very low stocking rate, suggestive of poor grazing conditions with low forage availability. The coefficient of variation among the 28 seasons was lower with LGP (69%) than with HGP (90%), suggesting that weather stresses on steer performance could be somewhat alleviated with LGP. Therefore, adaptability of grazing management to the vagaries of weather conditions could be considered more suitable with LGP by allowing a buffer of residual forage mass to overcome the strong time dependence between forage growth and consumption.
Average daily gain was greater with LGP than with HGP in the autumn (0.55 versus 0.35 kg d , respectively; P = 0.02). These seasonal fluctuations in average daily gain suggest that LGP created a forage production-cattle consumption environment that was more stable Table 3 . Steer stocking rate proportional to the entire year as affected by nutrient source and forage utilization regimes from 1999 to 2005 at Farmington, Georgia. throughout the year than under HGP. The lower steer performance under LGP than under HGP in the spring was likely due to the unexpectedly greater steer stocking rate in the spring to consume the greater tall fescue forage accumulation left after the winter under LGP. The difference in average daily gain between LGP and HGP treatments in winter was greater with organic + inorganic fertilization (0.54 versus 0.17 kg d ). It is unclear why this interaction occurred, since the stocking rate was consistently lower with LGP than with HGP in the summer from all three nutrient source treatments (4.6 versus 6.6 steers ha − 1 ). Average daily gain was also greater with inorganic only and organic + inorganic fertilization (0.75 kg d (Table 4) . Average daily gain tended to decline with time (and precipitation due to covariance). This may have been a consequence of greater time of stocking during winter and autumn in later years of this study than in earlier years. These two periods produced the lowest steer performance, especially under HGP. Consumption of toxic ergot alkaloids in the wild-typeendophyte association of tall fescue was a likely contribution to the depression in cattle performance during the cool seasons 23 . Average daily gain when tall fescue was the dominant forage (cool seasons of autumn and winter) was low (0.52 and 0.29 kg d − 1 with LGP and HGP, respectively), and was likely a consequence of steers consuming ergot-alkaloid containing forage. Average daily gain of heifers grazing tall fescue in a nearby study was 0.54 kg d − 1 on wild-endophyte association and 0.75 kg d − 1 on novel-endophyte and endophyte-free associations 24 , a clear indication of depression of animal performance with consumption of ergot-alkaloid containing forage. Greatest depression in animal performance occurred in spring and autumn in this neighboring study, followed closely by depression in winter, but there was no effect on animal performance in summer. Interestingly, our results reported here suggested no depressive effect of consuming tall fescue forage in the spring (average daily gain was 0.7 kg d − 1 in spring and 0.6 kg d − 1 in summer).
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Reduction in steer grazing pressure led to somewhat mixed results over the course of the 7 years of experimentation (Table 4) . LGP led to greater steer performance than HGP in 10 of 21 nutrient source-year combinations. As well, no significant differences occurred in eight combinations, but three occurrences led to poorer steer performance. The majority of effects suggest that reducing grazing pressure can improve steer performance.
Steer gain ha − 1
A common method of assessing productivity of pastures is with steer gain ha − 1 , as this response integrates steer stocking rate as a function of forage production and steer performance. Similar to that of stocking rate and average daily gain, steer gain ha − 1 varied widely within a year, among years and between grazing pressure treatments (Fig. 2) . Several significant nutrient source × forage utilization interactions occurred with gain ha − 1 . Steer gain ha − 1 on a seasonal basis was most often similar between grazing pressure treatments (16 of 28 seasons), but there were also six seasons when gain ha environmental stress on steer production. The greater forage dry mass with LGP than with HGP allowed some buffering of variations in the environment on forage availability and intake. Steer gain ha − 1 was rather low, but surprisingly greater with LGP than with HGP in the autumn (134 versus 120 kg ha − 1 , respectively; P = 0.10) and in the winter (71 versus 44 kg ha (Fig. 3) . A difference in temporal trend with respective to forage utilization regime also occurred during Phase 1, but in contrast to increasing gain ha − 1 under LGP and stable gain ha − 1 under HGP in Phase 1 20 , we observed stable gain ha − 1 under LGP and declining gain ha − 1 under HGP in Phase 2 (Fig. 3 ). The net difference between these two phases of the study was the same; although gain ha − 1 became increasingly more improved with time under LGP relative to that under HGP. This differential response between grazing pressures with time suggests that accumulation of residual forage mass was better able to protect the pasture production system from the vagaries of weather-related and other environmental stresses.
Source of variation
Compared with Phase 1 of this experiment, steer gain ha − 1 improved by 51% under LGP and 22% under HGP 20 (Table 5 ). Greater animal production was a result of more grazing days, despite the lower animal performance during the cooler portions of the year. Considering only the spring and summer grazing seasons in Phase 2, steer gain ha − 1 was 666 kg ha − 1 under LGP and 722 kg ha − 1 under HGP, values that were similar to those in Phase 1 (578 and 726 kg ha − 1 under LGP and HGP, respectively). Therefore, introduction of tall fescue into bermudagrass sod did not adversely affect animal production during the spring and summer, but rather simply added to animal production during the remainder of the year.
Considering the period of 2001-2004 when more complete full-year grazing was logistically possible, steer gain ha − 1 averaged 930 kg ha − 1 , a value similar to mean steer gain of 970 kg ha − 1 from southern Georgia on different improved bermudagrass cultivars 25 . The high gain ha − 1 from mixed tall fescue-bermudagrass pastures is encouraging, given that the cool-season forage was ergot-alkaloid producing. Other mixed-forage pastures may be potentially even more productive, as well as environmentally sustainable with regard to restoration of soil organic matter 26 . Further research on alternative forages should be conducted in a long-term, holistic experimental setting, since time and multidisciplinary interactions were shown to be important in the current experiment as well.
Relationships among response variables and general discussion
Relationships among stocking weight, stocking rate, average daily gain and gain ha − 1 were all positively significant (n = 56; averaged across nutrient sources as in Fig. 2 ). Strongest relationships were between stocking rate and steer gain ha − 1 (Fig. 4) . Stocking rate varied due to availability of forage at the time of stocking and the projection for continued forage growth during the remainder of the stocking period. Steer gain ha − 1 , therefore, became highly dependent on stocking rate. Steer performance was a secondary variable that affected the scatter in the relationship between stocking rate and gain ha − 1 . There were some key outlying points in the relationship that indicated differences in how average daily gain might have played a role. Four steer gain ha ), and therefore, the lack of fit with the relationship was likely due to both ergot-alkaloid containing forage and low available forage.
In contrast, almost all of the steer gain ha − 1 observations that were >100 kg ha − 1 above the regression relationship in Figure 4 occurred during the spring (n = 6) or summer (n = 2). Most of these observations (n = 6) were also under HGP. These results suggest that the spring and early summer period was not necessarily a period of reduced animal performance, since all of these periods had high average daily gain (0.89 ± 0.15 kg d ). These observations are in contrast to previous literature, which indicates the greatest period of depressed animal performance from consuming ergot-alkaloid-containing tall fescue is in the spring and autumn 5, 27, 28 . It is possible that dilution of late-spring tall fescue forage consumption with emergent bermudagrass forage may have overcome any ergot-alkaloid consumption issue. In addition, maintaining low forage dry mass of tall fescue during the spring has been hypothesized as a strategy to minimize toxicity (J.A. Stuedemann, unpublished data). Residual forage dry mass was 1.3 ± 0.7 Mg ha − 1 among these eight periods with high average daily gain.
Wide variations in seasonal values of animal responses (i.e., stocking density, stocking rate, average daily gain and gain ha − 1 ) illustrate the need for graziers to anticipate changes in seasonal weather conditions (Fig. 2) . If rainfall and temperature could have been anticipated better, it is possible that a smoother temporal dynamic might have resulted. However, this dynamic also shows the difficulty in closely managing pastures to preset targets. These data indicate that good times on pasture are often followed by hard times and vice versa. Therefore, a conservative approach to stocking could help moderate extreme pasture conditions. In contrast, reactionary stocking to take advantage of available forage likely led to consumption of higher quality forage, as documented in other studies 14, 29 . The put-and-take stocking system employed in this study can therefore be considered a hybrid stocking method between continuous and rotational stocking. Further research is needed to understand whether the dynamic pasture responses reported here might be found in more traditionally defined continuous stocking or rotationally grazed pastures.
Mixed-species composition of pastures was considered to be a more sustainable pasture system to allow nutrients to be used more effectively by actively growing forage throughout the year, rather than potentially lost during dormancy. In addition, filling dormant periods with a desired perennial forage species reduces the opportunity for weeds to develop and reduces resource requirements (e.g. labor, fuel and time for overseeding of annual forages). We have been measuring environmental indicators in this study, but they will be reported elsewhere.
The high rates of nutrient sources applied (285 ± 45 kg N ha − 1 yr − 1 as inorganic, organic + inorganic and organic) were likely key contributors to the excellent forage and steer production in this study. The amount of N harvested from grazed pastures can be assumed to be 3% of live-weight gain 30 . Therefore, N removal with steer production would have been only 26 ± 5 kg N ha
. We also measured total soil N accumulation in the 0-6-cm depth of soil in these pastures as 74 ± 5 kg N ha − 1 yr
and accumulation in the 0-60-cm depth of soil as 239 ± 27 kg N ha
. Therefore, at least during the first 12 years of this experiment (Phases 1 and 2), most of the N applied to the pasture could be accounted for as harvested in cattle gain and stored in soil organic matter. There is the possibility that total soil N accumulation included a significant fraction of inorganic N that would be potentially mobile to the groundwater if leached or denitrified by soil bacteria in situ. Soil-profile inorganic N dynamics will be reported elsewhere. Rate of N application to well-developed pastures should decline with time to coincide with slower soil organic matter accumulation rates.
Conclusions
Stocker grazing of mixed tall fescue-bermudagrass pastures in the Piedmont of Georgia was highly successful in achieving adequate steer performance (0.61 ± 0.12 kg d − 1 , mean ± standard deviation among 42 nutrient source × forage utilization × year combinations) and steer production (863 ± 157 kg ha − 1 ). Reducing grazing pressure to increase (P < 0.001) residual forage dry mass from 1.46 ± 0.29 Mg ha − 1 (HGP) to 1.97 ± 0.32 Mg ha − 1 (LGP) resulted in a reduction (P < 0.001) in steer stocking rate from 4.2 ± 0.8 steers ha − 1 (HGP) to 3.7 ± 1.1 steers ha − 1 (LGP). However, the reduction in grazing pressure was able to increase (P < 0.001) steer performance from 0.58 ± 0.11 kg d − 1 (HGP) to 0.64 ± 0.12 kg d − 1
(LGP), which resulted in nearly equivalent (P = 0.24) steer production of 876 ± 156 kg ha − 1 (HGP) and 850 ± 160 kg ha − 1 (LGP). Nutrient source regime had little effect on residual forage mass level and on steer stocking rate and, therefore, broiler litter fertilization could be considered as effective as inorganic fertilizer in supplying sufficient nutrients for forage growth. However, the responses of steer performance and steer gain ha − 1 were sensitive to nutrient source. Average daily gain under LGP was greater than under HGP with inorganic only and organic + inorganic fertilization, but was similar between grazing pressures under organic fertilization. This translated into no difference in gain ha − 1 between grazing pressures with inorganic only and organic + inorganic fertilization, but lower gain ha
LGP than under HGP with organic fertilization. The reason for this reduction in steer performance and production with organic fertilization under LGP could be linked to ingestion of a greater proportion of ergotalkaloid-containing tall fescue forage or more potent concentration of such toxins in association with high broiler litter application.
The temporal shift from lower steer production with LGP than with HGP early in the study toward greater steer production with LGP than with HGP later in the study was a significant outcome of this study. This result suggests that more moderate grazing pressure in a tall fescue-bermudagrass pasture system will improve long-term sustainability, by allowing a greater buffer of residual forage mass to overcome environmental stresses caused by periods of short-term drought, as well as a more robust root system to absorb nutrients in the soil profile.
Resource efficiency of the tall fescue-bermudagrass pastures evaluated in this study was considered high for a number of reasons. First, utilization of broiler litter as a nutrient source utilized a locally abundant resource. The concerns with nutrient imbalance and potential water quality deterioration with repeated broiler litter still needs to be assessed in comparison with mixed inorganic and organic sources. Second, a nearly year-round grazing system was possible with mixed tall fescue-bermudagrass pastures to utilize land resources efficiently, as well as to improve the quality of degraded cropland. Third, targeted anthelmintic treatment of steers in spring and autumn reduced reliance on therapeutic drug treatment and kept pastures free of gastro-intestinal parasites.
We conclude that excellent cattle performance and productivity can be achieved with broiler litter fertilization of strategically grazed pastures with mixed tall fescue-bermudagrass forage composition. Combined with results from botanical composition changes during this experiment 22 , a strategically grazed system would rely on closely grazing the robust tall fescue component during late winter to early spring and moderately grazing the bermudagrass component during the summer and autumn. These results can be used by producers to improve the sustainability of cattle grazing systems in warm, humid climates.
